RESEARCH ARTICLE

Novel Mononuclear Ruthenium(II) Compounds in Cancer Therapy
studied including coordination complexes (Gianferrara et al., 2009 ) and organometallic compounds (Hartinger and Dyson, 2009 ). Although cisplatin is most widely used antitumor drug, it has severe side effects which include the dose-limiting nephrotoxicity, neurotoxicity, ototoxicity, emetogenesis and resistance that cause relapse of cisplatin (Clarke et al., 1999) . These limitations have promoted a search for more effective and less toxic non-platinum, transition-metal-based antitumor agents and ruthenium complexes have attracted much interest as alternative drugs to cisplatin in cancer chemotherapy. The first systematic investigation of ruthenium compounds and their antitumor property was done in beginning of 1980s. The Ru(II) compounds are kinetically more reactive than Ru(III) compounds (Clairs et al., 2001) . So, we synthesized mononuclear Ruthenium(II) compounds of the type [Ru(A) 2 (B)]Cl 2 -, where A=1,10-phenanthroline; B=2-NO 2 -phenyl thiosemicarbazone (R 1 )/ 2-OH-phenyl thiosemicarbazone (R 2 ) and characterised by spectral analysis. Ruthenium complexes were prepared to ameliorate cisplatin activity, particularly on resistance tumors or to reduce host toxicity at active doses. Like platinum metallic compounds, several ruthenium compounds have been shown to inhibit DNA replication, possess mutagenic activity, bind to nuclear DNA and reduce RNA synthesis in vivo (Novakova and Brabec, 2006) . Thiosemicarbazones (TSCs) possess a variety of biological properties including antiproliferative activity (Beraldo and Gambino, 2004) . Rutheniumbased anticancer chemotherapies are making significant advances in clinical trials. For example, the two ruthenium(III) compounds namely, Imidazolium [transtetrachloro (1H-imidazole) (S-dimethylsulfoxide) ruthenate (III)] (NAMI-A) (Sava et al., 1999) and Indazolium [trans-tetrachloro bis (1H-indazole) ruthenate (III)] (KP1019 or FFC14A) (Hartinger et al., 2008) as antimetastatic drugs have successfully completed Phase 1 clinical trials and are scheduled to enter Phase 2 trials in the near future. Hence, the present study has been aimed to evaluate the in vivo antitumor and in vitro cytotoxic activity of novel synthetic ruthenium compounds bearing thiosemicarbazone moieties.
Materials and Methods
Chemicals and drugs
Trypan blue and phosphate buffered saline (PBS) were purchased from Himedia, Mumbai, India. (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) was purchased from Sigma, USA. All other chemicals were purchased from S.D Fine chemicals, India. Cisplatin, Doxorubicin & Podophyllotoxin were used as standards procured from the market.
Test compounds
The test ruthenium compounds were dissolved in less than 1% dimethyl sulfoxide (DMSO) for various experimental procedures (Shyam et al., 2012) .
In vitro cytotoxicity assay: The in vitro cytotoxic activity of ruthenium compounds was done using BLT assay against Artemia salina nauplii and MTT assay against IEC-6 cell lines.
Brine shrimp lethality (BLT) assay
It is an in vitro preliminary cytotoxicity assay and was performed according to the method of Meyer et al. 1982 . Brine shrimp (Artemia salina) nauplii were hatched in sterile brine solution (prepared using sea salt 38 g/L and adjusted the pH to 8.5 using 1N NaOH) under constant aeration for 38 hours. After hatching, 10 nauplii were placed in each vial and various concentrations of test compounds were added to each vial in a final volume of 5 mL and maintained at 37°C for 24 hours under the light of incandescent lamps and surviving larvae were counted. Percentage lethality was determined by comparing the mean surviving larvae of test and control tubes. The lethal concentration (LC 50 ) was obtained using Fenny Probed Analysis Software. The results for test compounds were compared with the positive control, podophyllotoxin.
MTT assay
M T T ( 3 -( 4 , 5 -d i m e t h y l t h i a z o l -2 y l ) -2 , 5 -diphenyltetrazolium bromide) measures the metabolic activity of the viable cells and was described by Sendiero et al. 1998 . It is suitable for measuring cell proliferation, cell viability or cytotoxicity. Procedure involves culturing the IEC-6 cells in a 96-well microtiterplate and to it 100μl of test ruthenium compounds were added at different concentrations. Incubating them with 20μl of MTT solution for approximately 2 hours. During incubation period, viable cells convert MTT to a water-insoluble formazan dye. 80μl of lysis buffer was added to each well and the plate was placed on a shaker for overnight. The absorbance was recorded on the ELISA reader at 562nm. The absorbance of the test compounds was compared with that of DMSO control to get the % inhibition.
In vivo anticancer activity
Experimental animals, adult male Swiss albino mice (Mahaveer enterprises, Hyderabad) of about 6 weeks of age with an average body weight of 18±2 g were used in this investigation. The animals were housed in polypropylene cages in a room where the congenial temperature was 27±1°C and 12 hrs light and dark cycles were maintained. The animals were allowed to acclimatize to the environment for 7 days and supplied with a standard pellet diet and water ad libitum. All the procedures using animals were reviewed and approved by the Institutional Animal Care and Use Committee.
Induction of tumor, the antiproliferative potential of the ruthenium compounds was investigated in vivo using the EAC model in mice. EAC bearing mouse was initially procured from Centre for Cellular and Molecular Biology (CCMB), Hyderabad and propagated by serial transplantation into the peritoneal cavity of Swiss albino mice. They were maintained by weekly intra peritoneal inoculation of 1x10 6 cells/mouse (Gothoskar and Ranadive, 1971 ) and 0.2 ml of this tumor cell suspension (containing 2 x 10 6 cells) was injected into the peritoneal cavity of mice for induction of tumor.
Experimental protocol, the animals were divided into seven groups of eight each. Group 1 served as normal control and was treated with the normal saline, while the remaining groups were injected with EAC cells (0.2mL of 2×10 6 cells/mouse) intraperitoneally on day 0 and treatment was started with different concentrations (2 and 4 mg/kg body weight) of ruthenium compounds (R 1 and R 2 ) and cisplatin (2 mg/kg body weight), 24 hrs after the tumor inoculation. All the treatments were given for 9 days. The anti tumor efficacy of R 1 and R 2 was compared with that of cisplatin. Twenty-four hours after the last dose treatment, four mice from each group were sacrificed and the blood was collected for hematological studies. The liver and kidneys of all the groups were excised for Asian Pacific Journal of Cancer Prevention, Vol 13, 2012 3295 DOI:http://dx.doi.org/10.7314/APJCP.2012.13.7.3293 Novel Mononuclear Ruthenium(II) histopathological studies. The rest of the animals in each group were kept to check the survival time of EAC tumorbearing hosts. Tumor growth response, the anti-tumor effect of ruthenium compounds was assessed by change in the body weight, ascites tumor volume, viable and nonviable tumor cell count, mean survival time (MST) and percentage increase in life span (%ILS). MST of each group was monitored by recording the mortality daily for 5 weeks and the % ILS was calculated using below equations (Mazumder et al., 1997 ). An enhancement of life span by 25% or more over that of control was considered as effective anti tumor response. MST= (day of the first death + day of the last death)/2; ILS (%) = [(MST of treated group/MST of control group) −1] ×100.
Cell viability test, to assess the cell viability in all groups of mice, trypan blue dye exclusion method was followed. EAC cells were collected from the mice peritoneal cavity by aspiration, were washed repeatedly with phosphate buffered saline to free it from blood. Aliquot of sample (ascitic fluid) was incubated with 100 µl of trypan blue and the viable (without stain) and dead (with blue stain) cell count was estimated using haemocytometer.
Volume of peritoneal fluid collection, after the nine days of treatment, mice were sacrificed and a small midline incision was made on the abdomen to open. Mice were placed inverted in a funnel connected to the measuring cylinder and the volume of peritoneal fluid was collected, measured and examined cytologically with Papanicolaou stain.
Evaluation of hematological and biochemical parameters, twenty four hours after the last treatment, the blood samples were drawn from each mouse by retro orbital method for the estimation of hematological parameters like RBC, WBC, Hb, PCV and DLC. Biochemical assays were performed on serum samples for the estimation of Creatinine and SGPT using respective diagnostic kits (Span diagnostics, India).
Histopathological examination, the liver and kidney tissues were subjected to histopathological examination in order to assess the alterations in these parameters of the 'treated' groups with respect to the tumor-bearing 'control' as well as 'normal' uninfected mice. On the other hand, the ascitic fluid showed only an increased inflammatory reaction without any change in the morphology of the tumor cells.
Statistical analysis
All the results were expressed as the mean±SD. Statistical evaluation was done by ANOVA followed by Newman Keuls test and the difference was considered statistically significant at P<0.05.
Results
In vitro cytotoxic activity of ruthenium compounds using BLT and MTT assays revealed that these compounds inhibited the Artemia salina nauplii or larvae and IEC-6 cell line growth in a dose dependent manner respectively. The LC 50 values of R 1 and R 2 compounds were found to be 38.33 & 43.79μg/mL respectively, which was 10 to 12 times less potent than podophyllotoxin (LC 50 =3.73μg/mL) in BLT assay. The IC 50 values of R 1 and R 2 compounds were found to be 78.8μg/mL and 19.95μg/mL respectively, which was 7 to 9 times less potent than doxorubicin (IC 50 =1.15μg/mL) in MTT assay (Table 1) .
In vivo anticancer investigation of ruthenium compounds showed significant antitumor activity in EACbearing mice. The effects of R 1 & R 2 at the doses of 2 and 4 mg/kg on MST, % ILS and body weight were shown in Table 2 .
Effect on MST
In the EAC control group, the mean survival time was 14 days, while it was increased to 16 (2 mg/kg) & 26 (4 mg/kg) days respectively in the R 1 treated groups and 15 (2 mg/kg) & 19 (4 mg/kg) days, respectively in the R 2 treated groups (P<0.05), whereas the cisplatin (2 mg/kg) treated group had a mean survival time of 29 days.
Effect on % ILS
Our results stated that R 1 &R 2 compounds increased the lifespan of EAC bearing mice only at higher concentrations (P<0.05).
Effect on animal body weight
The average increase in body weight of tumor bearing mice was 12.5g, where as it was reduced to 8.1&4.2g for the groups treated with R 1 at lower (2mg/kg) and higher (4mg/kg) doses respectively and 9.6 & 6.4g for the groups treated with R 2 at lower and higher doses respectively (P<0.05).
Effect on tumor growth
Treatment with ruthenium compounds significantly reduced (P<0.05) the tumor volume and viable tumor cell count (P<0.01) in a dose-dependent manner as compared to that of the EAC control group. Furthermore, nonviable tumor cell count at different doses of ruthenium compounds were significantly increased in a dosedependent manner (P<0.01).
Evaluation of hematological, biochemical & histopathological parameters
Tumor induction caused significant decrease in RBC and hemoglobin (Hb) almost to the half of the normal animals and increased total number of WBC almost four times the normal. Treatment with different doses of ruthenium compounds significantly reversed the tumorinduced rise in total WBC and tumor induced fall in the RBC counts. However, they were not as efficacious as cisplatin in reversing the tumor-induced total counts (Table  3) .
Increase in the SGPT and Creatinine levels are noted in cases of hepatic and renal diseases respectively. The protective effect of ruthenium compounds on liver and kidney pathology was observed by SGPT and creatinine measurements. Figure 1&2 demonstrates that the liver biopsy of mice showing mild inflammatory changes and kidney biopsy showing mild hemorrhagic streaks respectively, especially with R 1 compound but this has not reflected on enzyme levels. :http://dx.doi.org/10.7314/APJCP.2012.13.7.3293 Novel Mononuclear Ruthenium(II) Compounds in Cancer Therapy Figure 3 , illustrates the cytological examination of ascitic fluid, which reveals that treatment with ruthenium compounds decreased the number of cancer cells as compared to the EAC control. There was a distention of abdomen in EAC bearing mice due to an increased ascitic fluid volume. This was absent with ruthenium treated animals ( Figure 4) .
Discussion
In the present study, we have evaluated in vitro and in vivo antiproliferative activity of synthetic novel ruthenium compounds. In vitro studies revealed the test compounds were found to be cytotoxic against brine shrimp larvae and IEC-6 cancer cell lines. In vivo experiments revealed that treatment with ruthenium compounds increased ILS, MST and RBC count, whereas decreased viability of malignant cells in ascitic fluid and total number of WBC in blood.
Cancer continues to represent the largest cause of mortality in the world. It is a class of diseases or disorders characterized by uncontrolled division of cells and the ability of these cells to spread either by direct growth into adjacent tissue through invasion or by implantation into distant sites by metastasis. Usually the major problems in cancer chemotherapy are myelosuppression and anemia (Hogland, 1982) . The anemia encountered in tumor bearing mice is mainly due to reduction in RBC or hemoglobin percentage. Treatment with ruthenium compounds brought back the hemoglobin content, RBC and WBC count more or less to normal levels. This indicates that the test compounds possess protective action on hemopoietic system but the extent of protection is less than the cisplatin treated group.
Among the several metals that are currently being investigated for their anticancer activity, ruthenium occupies a prominent position (Bergamo and Sava, 2007) because the ruthenium mimic iron in binding to many biological molecules, including serum proteins (e.g. transferrin and albumin) is believed to contribute to the general low toxicity and excellent cytotoxicity of ruthenium complexes (Ang and Dyson, 2006) . Many of biological properties have been attributed to ruthenium complexes, for example: antitumor activity (Dyson, 2007; Bruijnincx and Sadler, 2009; Süss-Fink, 2010; Sreekanth et al., 2010; Govender et al., 2011) , antioxidant activity (Paula et al., 2005) , antinociceptive (Cristiano et al., 2008) , antitubercular activity (Hadda et al., 2009 ) and immunomodulatory activity (Newcomb et al., 2003) . In a recent article, we have proven that the above test compounds were shown significant antioxidant potentiality (Shyam et al., 2012) . As there is a direct correlation between the proliferation of cancer cells and free radical generation by cancer cell (Noaman et al., 2002) , present study plays an important role in treating the tumor cell progression and invasion.
The brine shrimp lethality test is an efficient, rapid and inexpensive tests and it has a good correlation with cytotoxic activity. The present study proved that both ruthenium compounds have shown a significant lethality to brine shrimp nauplii. The ruthenium compounds showed a significant anticancer activity in vitro against IEC-6 cell lines. By comparing the IC 50 values of ruthenium complexes with the doxorubicin, it was found that the test compounds were less potent than the standard drug. It may be due to lack of selectivity or insufficient dose to IEC-6 cell lines. Ehrlich ascites tumor model has been used comparatively and frequently by investigators for chemotherapeutic studies. This ascites tumor was obtained from the Ehrlich mouse carcinoma, which originated as a tumor of the mammary gland. Ascitic fluid is the direct nutritional source for the tumor cells (Prasad and Giri, 1994) . In EAC-bearing mice, a regular rapid increase in the ascites tumor volume was noted. The treatment performed with the ruthenium compounds decreased the tumor volume and viable tumor cell count and increased the percentage of trypan blue-positive stained dead tumor cells.
The reliable criteria for judging the value of any anticancer drug are prolongation of lifespan (Clarkson and Burchenal, 1965) . Treatment with ruthenium compounds significantly increased the MST and ILS which shows their antiproliferative activity. Evaluation of SGPT levels were specifically used to assess the liver toxicity and serum creatinine levels to assess the renal toxicity. Since the SGPT and creatinine values in all the treated groups remained within the normal range, the ruthenium compounds have not displayed toxicity to the liver and kidneys. The compound, especially R 1 has shown mild inflammatory changes in the pathology of liver and kidney of mice but this has not reflected on enzyme levels. These above biochemical measurements and histopathological results showed that no significant hepatotoxicity and nephrotoxicity was associated with the ruthenium administration. This indicates the hepato and renoprotective activity of test ruthenium compounds. 
